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Q\ . Abstract 

(N ■ 

In these lectures I will show some results obtained with the chiral unitary approach applied to 

the photo and electroproduction of mesons. The results for photoproduction of rjir^p and K^ir^T,^, 
t^ . together with related reactions will be shown, having with common denominator the excitation of 

the A(1700) resonance which is one of those dynamically generated in the chiral unitary approach. 

Then I will show results obtained for the e'^e~ -^ 0/o(98O) reaction which reproduce the bulk 
^ , of the data except for a pronounced peak, giving support to a new mesonic resonance, X(2175). 



o 



H I Results will also be shown for the electromagnetic form factors of the A^*(1535) resonance, also 

dynamically generated in this approach. Finally, I will show some results on the photoproduction 
of the io in nuclei, showing that present experimental results claiming a shift of the oj mass in the 
medium are tied to a particular choice of background and are not conclusive. On the other hand, 
the same experimental results show unambiguously a huge increase of the io width in the nuclear 
medium. 

1 Introduction 

Nowadays it is commonly accepted that QCD is the theory of the strong interactions, with the quarks as 
building blocks for baryons and mesons, and the gluons as the mediators of the interaction. However, at 
low energies typical of the nuclear phenomena, perturbative calculations with the QCD Lagrangian are 
not possible and one has to resort to other techniques to use the information of the QCD Lagrangian. 
One of the most fruitful approaches has been the use of chiral perturbation theory, xPT [H [21 [3]. The 
theory introduces effective Lagrangians which involve only observable particles, mesons and baryons, 
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respects the basic symmetries of the original QCD Lagrangian, particularly chiral symmetry, and or- 
ganizes these effective Lagrangians according to the number of derivatives of the meson and baryon 
fields. 

The introduction of unitarity constraints in coupled channels in chiral perturbation theory has led 
to unitary extensions of the theory that starting from the same effective Lagrangians allow one to make 
predictions at much higher energies . One of the interesting consequences of these extensions is that 
they generate dynamically low lying resonances, both in the mesonic and baryonic sectors. By this we 
mean that they are generated by the multiple scattering of the meson or baryon components, much the 
same as the deuteron is generated by the interaction of the nucleons through the action of a potential, 
and they are not preexistent states that remain in the large Nc limit where the multiple scattering is 
suppressed. 

2 Baryon meson interaction 

The interaction of the octet of pseudoscalar mesons with the octet of stable baryons has been the object 
of much theoretical study gl El H El M [IB [HI [131 [II [13 [HI [13 [IB] • One of the common features 
of these studies is the dynamical generation of some resonances which appear as a consequence of the 
interaction of the mesons and baryons in coupled channels, forming some kind of molecular state, quite 
different for the ordinary three quark states associated to the baryons. The A(1405), A^* (1535), A(1670), 
etc, are examples of these states. I will not expose here the formalism which can be found in all these 
references ( a lecture type approach to the problem can bee seen in [IS])- Instead, I will briefly expose 
the formalism for the interaction of the octet of pseudoscalar mesons with the decuplet of baryons, 
which has received far less attention [20l [2ll [H] . In this approach one of the resonances that appears 
dynamically generated is the A(1700) which will play an important role in some of the reactions which 
I report here. 

The lowest order term of the chiral Lagrangian relevant for the interaction of the baryon decuplet 
with the octet of pseudoscalar mesons is given by |22)1 

£ = -if^Tpr^ (1) 

where T^^ is the spin decuplet field and D^ the covariant derivative given by 

p.y.^ = d^Ti:,^ + {niTii,^ + {txtl. + intTi:,, (2) 

where /i is the Lorentz index, a, 6, c are the SU{?>) indices. The vector current V^ is given by 

T'' = \{id^i^ + i^d^i) (3) 



with 



e = U = e'^^/f (4) 



where $ is the ordinary 3x3 matrix of fields for the pseudoscalar mesons [T] and / = 93 MeV. We deal 
here only about the S'-wave part of the baryon meson interaction and take for the Rarita-Schwinger 
fields T^ the representation Tu^ from ref. [231 [21] with m^ the Rarita-Schwinger spinor. 

Let us recall the identification of the SU{3) component of T to the physical states [251126] : 

mill _ /\++ T^112 _ J_/\+ T^122 _ J_/\0 T^222 _ A - T^llS _ J_V*+ 0^123 _ J_v*0 m223 _ J_V*- 

' \/3 ' \/3 ' ' \/3 ' ^/E ' ^/3 ' 

7^133 _ J_^*0 7^233 _ J_^*- T^333 _ Q- 
1 - ^^ , 1 - ^^ , J - ii . 



^We use the metric 5^^ = diag{l, —1, —1, — 1). 



For a meson of incoming (outgoing) momenta k{k') one obtains the simple form for the S-wave 
transition amphtudes, similar to ^, 
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v,, = -—a,{k' + k''). (5) 



The coefficients Cij for reactions with all possible values of strangeness (S) and charge (Q) are given 
in [21]. This interaction plays the role of the kernel in the Bethe Salpeter equation which is used to 
construct the scattering t-matrix between the different channels. In the next section we approach this 
point. 

3 Unitarized chiral perturbation theory: N/D or dispersion 
relation method 

One can find a systematic and easily comprehensible derivation of the ideas of the N/D method applied 
for the first time to the meson baryon system in [7] in the context of chiral dynamics, which we 
reproduce here below and which follows closely the similar developments used before in the meson 
meson interaction [8j. One defines the transition T— matrix as Tij between the coupled channels which 
couple to certain quantum numbers. For instance in the case of KN scattering studied in [7] the 
channels with zero charge are K~p, K^n, 7r°S°,7r+S^, 7r~S+, 7r°A, t]A, vjTP, K+S~, K^'EP. Unitarity 
in coupled channels is written as 

ImTi^j = Ti^ipiTij (6) 

where pi = 2Miqi/{87rW), with qi the modulus of the cm. three-momentum, and the subscripts i 
and j refer to the physical channels. This equation is most efficiently written in terms of the inverse 
amplitude as 

lmT~\W),, = -piW)Aj , (7) 

The unitarity relation in Eq. ([7]) gives rise to a cut in the T-matrix of partial wave amplitudes, which 
is usually called the unitarity or right-hand cut. Hence one can write down a dispersion relation for 

T~\W) 

T-HW)., = -S, {«.(.„) + 1^£,/ ^^, _^(g-_ J ^T-^m, . (8) 

where Sj is the value of the s variable at the threshold of channel i and T~^{W)ij indicates other 
contributions coming from local and pole terms, as well as crossed channel dynamics but without right- 
hand cut. These extra terms are taken directly from xPT after requiring the matching of the general 
result to the xPT expressions. Notice also that 

g{s)i = ai{so) + / ds — -— (9) 

71 J Si \^S — S)[^S — So) 

is the familiar scalar loop integral. 

One can further simplify the notation by employing a matrix formalism. Introducing the matrices 
g{s) = diag {g{s)i), T and T, the latter defined in terms of the matrix elements T^j and Tij, the T-matrix 
can be written as: 

T{W) = [I- TiW) ■ g{s)]-' ■ r{W) . (10) 

which can be recast in a more familiar form as 

T{W)=T{W)+T{W)g{s)T{W) (11) 



Now imagine one is taking the lowest order chiral amplitude for the kernel T as done in [7]. Then the 
former equation is nothing but the Bethe Salpeter equation with the kernel taken from the lowest order 
Lagrangian and factorized on shell, the same approach followed in [H], where different arguments were 
used to justify the on shell factorization of the kernel. 

The on shell factorization of the kernel, justified here with the N/D method, renders the set of 
coupled Bethe Salpeter integral equations a simple set of algebraic equations. 

In the case of the interaction of the octet of pseudoscalar mesons with the baryon decuplet, one of 
the resonances which appears dynamically generated is the A(1700), which is built from the coupled 
channels ttA, rjA and -ft'S(1535). The study of the amplitudes around the pole allows one to get the 
mass, the width, and through the residues at the pole, the coupling of the resonance to the different 
channels. Another one of such states is the A(1520) which couples to the 7rS(1385) and i^S(1530) 
channels, although it has also an appreciable coupling to the vrS and KN channels, responsible for its 
width, and to which it couples in D- waves 



4 Clues to the nature of the A(1700) resonance from pion and 
photon induced reactions 

As mentioned in the previous section, the A(1700) is a dynamically generated resonance from the 
ttE and KN channels with the interaction discussed in section 2. The couplings to these channels are 
evaluated in [21]. If we study the 7p — * ir^rip or the jp —>■ tt^K^T,~^ reactions it was found in p8] and [29] 
that the mechanisms of A(1700) excitation with posterior decay of the A(1700) into rjA and i^''S(1385) 
were dominant in these reactions at low energies. The corresponding mechanisms are depicted in fig[Il 
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Figure 1: Tree level processes from the decay of the A* (1700) to ?7A(1232) and K^Ti 



By analogy, reactions with the same final state induced by other probes should show similar features. 
In fig. [2] we show the corresponding Feynman diagrams for pion induced reactions. 
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Figure 2: Tree level contributions for the pion-induced strangeness production. 



In fig. [3] we show the results for the cross sections for several pion induced reactions which were 
evaluated in [29]. The overall agreement with the data is fair. However, this fair agreement gains more 



strength after the following considerations. The A(1700) is assumed to be a member of a decuplet 
in the PDG. If one assumes this, it is easy, using SU(3) Clebsch Gordan coefficients, to see that the 
couplings to the Avr, S*i^, Arj states in J = 3/2 are proportional to y 5/8, J^/4:, y 1/8, respectively. 
The squares of these coefficients are proportional to 1, 2/5, 1/5, respectively, compared to the squares 
of the coefficients of the dynamically generated resonance, 1, 11.56, 4.84. With respect to the decuplet 
assumption of the PDG one obtains factors 27.5 and 24 larger for the square of the couplings to T,*K 
and Af], respectively. In some cross sections involving the square of these numbers the differences would 
be huge. With this perspective, the fair agreement found with experiment has a more significant value. 
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Figure 3: Total cross sections for the pion- induced reactions. Data are from [30] (triangles up), 
(triangle down), [34j (cross), [32j (dots), [33J (diamonds). For the latter data, it is indicated that these 
are upper limits below p = 1.67 GeV as in Ref. [33] . 



As we indicated, the case for K^tt^A is dominated in our model by i^°S(1385) production. This is 
the case experimentally, as one can see in fig. HI 

The case of photoproduction is also instructive. In fig. [5] we can see that there is a good agreement 
with the data, though the experimental errors are large. The precision of the experiment has been 
significantly improved in recent preliminary measurements at ELSA, and the agreement of our results 
with the data is very good [35]. Finally, in the same figure we can see the predictions for the 7p -^ 
TT^rip and 7p — > K^tt^T,^ production which have also been measured recently at ELSA [36] and the 
agreement with the data is also good, as well as with the data from ^7] and recent data by the GRAAL 
collaboration on 'jp — > vr^r^p [38j, where is addition we find also good agreement with the asymmetries 
[38] . It is worth stating that in the absence of the A(1700) intermediate state (the model of ^28j has 
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Figure 4: Invariant mass spectra for the tt p ^ K^n^A and vr+p ^ i^+vr+A reactions. Experimental 
distributions (arbitrary units) are from [31] and [32], respectively. 



more terms than just the A(1700) excitation), the results for the asymmetries are in sheer disagreement 
with the data. 
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Figure 5: Photoproduction of strange and rj particles. Data are from [39] (dots), [IQ] (crosses), and [H] 
(triangles up). The latter data are the sum of KAtt and KTjTt final states. The two lower plots show 
the update of the predictions from Ref. [28] (gray bands) compared to the results from [29] (solid lines). 
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0/0 (980) and clues for a new mesonic resonance 



X(2175) 



In recent experiments [^ B3] the e~^e 



^TT+TT and e~^e~ 



)7r 



°7r° cross sections were measured and 



a pronounced peak was found for the invariant mass of the two pions in the region of the /o(980) scalar 
meson resonance. By looking at the energy dependence of the e^e~ —>■ 0/o(98O) a neat peak was found 
on top of a smooth background which was identified in [l2l H3] with a new resonance X(2175). We 
have attempted to reproduce these data by recalling the model used for the -^ 7/0 (980) in [H] (see 
also other works in the same direction [15]), which would be the time reversal reaction of the present 
one, with the novelty of having virtual photons. We have used the Feynman diagrams of fig. M, which 
involve kaons as intermediate states. We observed that because one has larger energies than in the case 



6 



of the 0, we had to introduce also K* in the intermediate states. The production of the /o(980) is done 
automatically in our approach, since this resonance is also dynamically generated by the interaction of 
meson-meson in coupled channels. Hence, the t-matrices that we implement in the loops automatically 
generate this resonance which does not have to be introduced by hand. The details can be seen in 
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Figure 6: Feynman diagrams for e^e 



bTCTT in RxPT. 



The evaluation of the amplitude requires to work out the loop tensor T^l^, such that the amplitude 
is T"^'^e^(7)e,y(0). It can be shown that T"^^ is finite and gauge invariant. The most general form of 
this tensor is 

^/.t' = ag^,u + h Q^Q^ + c Q^K + d k^Q^ + e k^K (12) 

where a, b, c, d, e are form factors and k and Q are the momenta of the photon and the respectively. 
Gauge invariance requires 



imposing the following relations among the form factors 

a = —c k ■ Q — e k'^, b k ■ Q = —d k^, 
thus T"^'^ has the following explicitly gauge invariant form 



t: 



abc 



-c[Q ■ k g^y Q^ky) 



d 



[1^ Q fi k ■ Qk^xjQy e \k g^^ k^k^ 



(13) 
(14) 

(15) 



The second term vanishes upon contraction with e,^(0) and we are left only with two form factors 

^'^"'^ - -c{Q -kg^y- Q^ky) - e {k^g^y - k^k,). (16) 
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Figure 7: Left: Differential cross section as a function of the dipion invariant mass and of the center 



of mass energy. Right: Cross section for e'^e 



TTTT 



/=0 



, integrated in the m^r^ = 850 — 1100 MeV 



range, as a function of y^ including all contributions. Experimental points from Ref. 
(boxed) points correspond to charged (neutral) pions. 



triangled 



The results for the double distribution in total energy and invariant mass of two pions can be seen in 
fig. El (left), where the crest due to the /o(980) excitation is clearly visible. The integrated cross section 
around the crest of the /o(980), as done in the experimental analysis, is shown in fig. [7] (right). We can 
see there that we can reproduce the bulk of the data, in strength and shape, but the peak around 2175 
MeV is not reproduced. There is an extra cross section with an approximate Breit Wigner shape which 
suggest the excitation of a resonance which decays into 0/o(98O). This was the conclusion of [l2l |13] 
based on a best fit to the data. Our study offers and extra support to this claim by showing that known 
dynamics of the processes can explain the background, but not the peak. 



6 Electroproduction and form factors of the A^*(1535) 

We now show some new results on the form factors of the A^*(1535) obtained from the electroproduction 
of this resonance, see fig. [HI 

There are two independent amplitudes for the electro-transition from J^ = 1/2+ to 1/2^, A1/2 and 
51/2, which are defined in terms of the transition electric current J^j by 



A 



l27Tal 



1/2 



qn e 



{N\J. = l\ei^^J'\N,S. = -^-) 



(17) 



Sl/2 



UTial \k\ 



■■{N\J. = l\e^;^J''\N,S. = ^] 



with the fine structure constant a = e'^/in, the energy equivalent of a real photon q^ = (W'^—M'^)/{2W) 
and the photon- nucleon center-of-mass energy W = \fP^. The polarization vectors of the photon, e^, 
are given by 

(n -ri —1 nv ^0 — (h n n _^o^ 

a/2 



^■ 






e:r = ^(0,Tl,-^,0); e 



= (fc,0,0,-fc° 



(19) 





Figure 8: Letf: Kinematics of the electroproduction of A^(1535). Right: Feyninan diagrams for the 
transition form factor of A^(1535) at one loop level. The solid, dashed, wavy and double lines denote 
octet baryons, mesons, photon and A^(1535), respectively. 

with Q^ = —k'^, where we take the CM momenta k and Pi along the z axis. 

It can be seen, using the equation of motion for the spinors and conservation of momenta, that the 
transition current J'^ can be written, in general, by the following three Lorentz scalar amplitudes: 



J^" = {Ma" + M2P' 



M^k^l^. 



(20) 



The gauge invariance k- J = 0, tells us that there are only two independent amplitudes among these 
three amplitudes, Aii, giving the following relation: 



(Mjv. + Mn)Mi + k ■ PM2 + k'^M3 = 



(21) 



Since the iV*(1535) is also dynamically generated in our approach, we obtain the electroproduction 
amplitude by coupling the photon to the meson-baryon components that build up this resonance pT] . 
The mechanisms are depicted in fig ID (right), which produce a gauge invariant set of diagrams. 
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Figure 9: Left: Modulus of the A1/2 helicity amplitude for the proton resonance as a function of Q^ 
with W = 1535 MeV calculated in the non-relativistic formulation. The solid (dotted) line shows the 
Ay2 amplitude with (without) the form factor of the meson inside the loops. Marks with error bars are 
experimental data normalized by the A^* full width Tn* = 150 MeV and the N* — >■ rjN branching ratio 
bri = 0.55. Filled triangles and circles are results of the CLAS collaboration taken from Refs.[l9] and 
[is] , respectively. Open circles show results of Refs. [iTf [50l [5T| [52] . Righ: Modulus of the A1/2 helicity 
amplitude for the proton resonance as a function of Q^ with W = 1535 MeV in relativistic formulation. 
The solid (dotted) line shows the Ay^ amplitude with (without) the form factor of the meson inside 
the loops. 
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Figure 10: Left: Modulus of the 5*1/2 helicity amplitude for the proton resonance as a function of Q^ 
with W = 1535 MeV. The solid (dotted) line shows the S'f ,2 amplitude with (without) the form factor 
of the meson inside the loops. The sign of this amplitude relative to A^ ^ is negative, both in experiment 
and theory. Right: The n/p ratios of the helicity amplitudes with W = 1535 MeV. The upper and 
lower panels show the np ratios of the A1/2 and S1/2 amplitudes, respectively. The open square shows 
the value given in Ref. (53] . 

The results obtained can be seen in figs. [9l [TOl We can see there the A1/2 and S1/2 form factors for 
the proton and neutron as a function of Q^ compared with experiment. We have done both a relativistic 
and a non relativistic calculation. In both cases the results lye a bit below the data. The Q^ dependence, 
when the results are scaled to the experimental values, is fair, particularly for the relativistic case, see 
fig- El (right). We should note, however, that the experimental values are obtained from measured cross 
sections making particular assumptions of the A^*(1535) width and branching ratio to rip and these 
uncertainties are not refiected in the data shown in the figures. It is instructive to mention that in the 
latest version of the MAID2007 global analysis of data ^54j the value of the A1/2 amplitude for real 
photons has the value 66 10^'^ GeV~^^'^, which is in agreement with our results. 

In any case it is also interesting to observe that the ratio of neutron to proton amplitudes, which is 
free of the global normalization, appears in our approach in good agreement with the data. 



7 Photoproduction of uj and oj in the nuclear medium 

The interaction of vector mesons with nuclei has captured for long the attention of the hadron com- 
munity. Along these lines, an approach has been followed by the CBELSA/ TAPS collaboration by 
looking at the 77r° coming from the uj decay, where a recent work [55] claims evidence for a decrease 
of the UJ mass in the medium of the order of 100 MeV from the study of the modification of the mass 
spectra in u photoproduction. Here we present the reanalysis of the data of [52] done in [5B], where 
one concludes that the distribution is compatible with an enlarged u width of about 90 MeV at nuclear 
matter density and no shift in the mass and at the same time we show the insensitivity of the results 
to a mass shift. We also show results for the {'y,p) reaction searching for possible ut bound states in 
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the nucleus concluding that even in the case of a sufficiently attractive potential and small width no 
peaks can be seen with the present experimental resolution of about 50MeV at ELSA. We also discuss 
the origin of a two peak structure of the (7,p) cross section which should not me misidentified with 
evidence for an u bound state in the nucleus. 

8 Preliminaries 

We consider the photonuclear reaction ^(7, uj -^ 7r^'-f)X in two steps - production of the tu-mesons and 
propagation of the final states. In the laboratory, where the nucleus with the mass number A is at rest, 
the nuclear total cross section of the inclusive reaction A{'y,uj)X, including the effects of Fermi motion 
and Pauh blocking, plus effects of final state interaction of the particles produced, can be calculated as 
shown in |56j . 

The w-mesons are produced according to their spectral function S^ at a local density p{r) 



1 Imn,(p) 



^ {ml -ml 



ReUM) +(lmn,(p))^ 



f22) 



where 11^^ is the in-medium selfenergy of the u. The width of the u in the nuclear medium is related to 
the selfenergy by T^{p,m^) = —Iinll^{p,m^)/E^. It includes the free width Fj^ee = 8.49 MeV and an 
in-medium part Tcoii{p) which accounts for the collisional broadening of the u due to the quasielastic and 
absorption channels. In Eq. (122|) ReH^^ = 2Ei^ReVopt{p), where Vopt{p) is the u nucleus optical potential 
accounts for a possible shift of the a; mass in the medium and we shall make some considerations about 
it latter on. 

We also consider the situation when the energy of the incident photon beam is not fixed but con- 
strained in some energy interval E^^'^ < E^ < i?™^^, and also take into account the photon flux produced 
at the ELSA facility. 

9 The Monte Carlo simulation procedure 

The computer MC simulation proceeds in close analogy to the actual experiment. At ffist, the multiple 
integral involved in the evaluation of the cross section is carried out using the MC integration method. 
This procedure provides a random point r* inside the nucleus where the photon collides with the nucleon, 
also randomly generated from the Fermi sea with \pn\ < kp{r). For the sample event in the MC integral 
the mass m^ of the u respects the spectral function S^, at local density p{r), see Eq. (!22l) . Inside the 
nucleus the w-mesons moving with the three momentum pjf' necessarily interact with the nucleons in 
their way out of the nucleus. In the MC simulation the w-mesons are allowed to propagate a distance 
oL = .Jfi^f,. 5L and at each step, 5L ~ 0.1 fm, the reaction probabilities for different channels like the 
decay of the uo into 7r°7 and tttttt final states, quasielastic scattering and in-medium absorption are 
properly calculated. Details of the simulation can be seen in |56j . 

We use the following parameterization for the width. Tabs = To^^, where po = 0.16 fm~'^ is the 
normal nuclear matter density. 

The propagation of pions in nuclei is done using a MonteCarlo simulation procedure . In their way 
out of the nucleus pions can experience the quasielastic scattering or can be absorbed. The intrinsic 
probabilities for these reactions as a function of the nuclear matter density are calculated using the 
phenomenological model of Refs [57], which also includes higher order quasielastic cuts and the two- 
body and three-body absorption mechanisms. Details for the present case are described in [56] . 
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Figure 1 1 : The result of the Monte Carlo method for the ^-dependence of the nuclear transparency ratio T4 without 
(left panel) and with (right panel) FSI of outgoing pions. A lower cut T^^ > 150 MeV on the kinetic energy of the 
outgoing pions has been used to suppress the contribution of the distorted events due to FSI. The incident photon beam 
was constrained in the range 1.45 GeV < E^ < 1.55 GeV. The carbon ^^C was used as the reference target in the ratio 
of the nuclear cross sections. With Tabs — Tq^^^, where po is the normal nuclear matter density, the dotted, dashed, 
dash-dotted, sohd and dash-dash-dotted curves correspond to Tq = MeV, To = 20 MeV, To = 50 MeV, To = 90 MeV 
and To = 150 MeV, respectively. 



10 In-medium cj-meson width and nuclear transparency 



In this section we discuss an extraction of the in-medium inelastic width of the uj in the photonuclear 
experiments. As a measure for the a;-meson width in nuclei we employ the so-called nuclear transparency 
ratio 



C-yA^iuX 



oX 



(23) 



Aa-yN- 

i.e. the ratio of the nuclear tu-photoproduction cross section divided by A times the same quantity on 
a free nucleon. T4 describes the loss of flux of cj-mesons in the nuclei and is related to the absorptive 
part of the cj-nucleus optical potential and thus to the uj width in the nuclear medium. 

We have done the MC calculations for the sample nuclear targets: g^C, §^0, i^Mg, f^k\, ^|Si, fgP, 
?^S, t[]Ca, ^Fe, ^^Cu, |Y, i^oCd, ^^Sm, ^fPb, IfV. In the following we evaluate the ratio between the 
nuclear cross sections in heavy nuclei and a light one, for instance ^^C, since in this way, many other 
nuclear effects not related to the absorption of the uj cancel in the ratio, T^. 

The results of the MC calculation for the A-dependence of the nuclear transparency ratio T4 are 
presented in Fig. [Ill The incident photon beam was constrained in the range 1.45 GeV < E^ < 1.55 GeV 
- a region which is considered in the analysis of the CBELSA/TAPS experiment [58l [59] . In Fig. [TT] 
(left panel) we show the results for the transparency ratio when the collisional broadening and FSI of 
the UJ are taken into account but without FSI of the pions from uj — > 7r°7 decays inside the nucleus. 
The right panel corresponds to considering in addition the FSI of the pions. 

By using these results and taking into account the preliminary results of CBELSA/TAPS experi- 
ment |59] we get an estimate for the u width Tabs — 90 x ^^ MeV. This estimate must be understood 
as an average over the uj three momentum. 



11 In- medium ct;- meson mass and CBELSA/TAPS experiment 

The first thing one should note is that the uj line shape reconstructed from 7r°7 events strongly depends 
on the background shape subtracted from the bare 7r°7 signal. In Ref. [55] the shape of the background 
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( Nb)E =0.9-2.6GeV, p^o < 500 MeV 
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Figure 12: Left panel: Invariant mass spectra reconstructed from the 7r'^7 events in the (7, 7r°7) reaction ft'om Nb target 
(soHd cm've). The experimental data are from Ref. 55J. The incident photon beam has been constrained in the range 
0.9 GeV < E"^ < 2.6 GeV. Dotted curve is an uncorrelated 7r°7 background (see the text). Right panel: Same but in 
linear scale. The dashed and dash-dash-dotted curves correspond to the u> — > n^j events with and without the kinematic 
cut Ip^o^I < 500 MeV, respectively. The normalization without cut is arbitrary. The solid line corresponds to the sum 
of the background and the dashed line. Inset (left panel): The 7r'^7 invariant mass spectra in the elementary 73(7, Tr'^j)p 
reaction. Same background line shape (dotted curve) as for the Nb target has been used. The solid line is the sum of the 
background and u — > 7r°7 events. 



was chosen such that it accounted for all the experimental strength at large invariant masses. This 
choice was done both for the elementary 'jp — > 7r°7p reaction as well as for nuclei. As we shall show, 
this choice of background in nuclei implies a change of the shape from the elementary reaction to that 
in the nucleus for which no justification was given. We shall also show that when the same shape for 
the background as for the elementary reaction is chosen, the experiment in nuclei shows strength at 
invariant masses higher than m^ where the choice of [SS] necessarily produced no strength. We will also 
see that the experimental data can be naturally interpreted in terms of the large in-medium a; width 
discussed above without the need to invoke a shift in the u mass in the medium. 

In Fig. [12] we show the experimental data (solid histogram) for the 7r°7 invariant mass spectra in 
the reaction (7, n^'-f) [SS] from ff Nb target. The inset (left panel) corresponds to the tt^j spectra from 
the hydrogen target. In our MC calculations the incident photon beam has been constrained in the 
range 0.9 GeV < E!^ < 2.6 GeV. The higher momentum cut 1^407! = \PnO +P7I < 500 MeV on a three 
momentum of the '7r°7 pair was imposed as in the actual experiment. First, we use the hydrogen target, 
see inset in Fig. [12] (left panel), to fix the contribution of the uncorrelated 7r°7 background (dotted 
curve) which together with the tt^'j signal from uj -^ 7r°7 decay, folded with the Gaussian experimental 
resolution of 55 MeV as in Ref. [55], gives a fair reproduction of the experimental spectra. Then we 
assume the same shape of the 7r°7 background in the photonuclear reaction. The weak effect of the FSI 
of the pions found in the calculation, with the cuts imposed in the experiment, strongly supports this 
assumption. 

In the following we use the u inelastic width of Fq = 90 MeV at po- The exclusive u -^ 7r°7 MC 
spectra is shown by the dashed curve (right panel). The solid curve is the reconstructed 7r°7 signal 
after applying the cut on ir^'j momenta and adding the background fixed when using the hydrogen 
target (dotted curve). Note that the shape of the exclusive 7r°7 signal without applying a cut on 7r°7 
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momenta (dash-dotted curve) is dominated by the experimental resolution and no broadening of the uj 
is observed. This is in agreement with data of Ref. |55J. But applying the cut one increases the fraction 
of in-medium decays coming from the interior of the nucleus where the spectral function is rather broad 
and as a result the broadening of the tt^'-j signal with respect to the signal (without cut) can be well 
seen. The resulting MC spectra (solid curve) shows the accumulation of the 7r°7 events from the left 
and right sides of the mass spectra, and it is consistent both with our choice of the uncorrelated 7r''7 
background and experimental data. 

We have also done the exercise of seeing the sensitivity of the results to changes in the mass. As 
shown in [56] , a band corresponding to having the uj mass in between m^ ± AOp/pQ MeV is far narrower 
than the statistical fluctuations. In other words, this experiment is too insensitive to changes in the 
mass to be used for a precise determination of the shift of the tu-mass in the nuclear medium. 8 We 
should also note that the peak position barely moves since it is dominated by the decay of the uj outside 
the nucleus. 

12 Production of bound uj states in the (7,p) reaction 

Here we evaluate the formation rate of u bound states in the nucleus by means of the (7,p) reaction. 
We use the Green function method [60] to calculate the cross sections for cj-mesic states formation as 
described in Refs. [HI] in detail. The theoretical model used here is exactly same as that used in these 
references. 

The cu-nucleus optical potential is written here as V{r) = (Vq + iWo)^^, where p{r) is the nuclear 
experimental density for which we take the two parameter Fermi distribution. We consider three cases 
of the potential strength as: {Vq, Wq) = -(0, 50), -(100, 50)MeV and -(156, 29)MeV. The last of the 
potentials is obtained by the linear density approximation with the scattering length a = 1.6 + 0.3z 
fm [62]. This potential is strongly attractive with weak absorption and hence should be the ideal case 
for the formation of u mesic nuclei. No u bound states are expected for the first potential which has 
only an absorptive part. The second potential has a strong attraction with the large absorptive part 
as indicated in Ref. [58]. For the first two potentials we find no visible peaks in the spectrum since the 
width is so large. For the third potential we observe peaks but they are washed out when folded with 
the experimental resolution of about 50MeV of ELSA. 

13 Monte Carlo simulation of the reaction of the (7, p) reac- 
tion 

We next apply the MonteCarlo simulation explained above to describe the (7,p) reaction studied at 
ELSA. Because our MC calculations represent complete event simulations it is possible to take into 
account the actual experimental acceptance of ELSA [58] (see details in [63]). 

We start our MC analysis with the cross section of the elementary reaction 7p —>■ up —>■ n^'-fp. With 
this we determine the cross section for u formation and follow the fate of the protons at the same time. 

There are also sources of background like from 7p -^ tt^tt^p, or 7p — * rc^rip, where one of the two 
photons from the decay of the 7r° or the rj is not measured. We show in Fig. [13] 8 the cross section 
da /(IEt^o^ coming from the 7p — >■ n^ir^p reaction followed by the decay 7r° — > 77 of either of the 7r° 
(left panel) and from the 7p -^ ir^rjp reaction followed by the decay 77 -^ 77 (right panel). As one can 
see, the contribution from the tt^tt^ photoproduction to the background is the dominant one among 
the two. The important thing, thus, is that these two sources of background, with the cuts imposed, 
produce a background peaked at -100 MeV. For the exclusive 7r°7 events coming from 'jp -^ up — > 7r°7p 
an experimental resolution of 50 MeV was imposed, see Ref. [55]. We obtain a factor of two bigger 
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Figure 13: The differential cross section da/dE^o^ of the reactions 7p — > vr vr p (left panel) and ^p 
(right panel) followed by the decay vr'^ {rf) — > 77 as a function of the E^jO^ 
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where E^^o^ 

in 



TT^r]p 

E^o + E^. The 



following cuts were imposed: i?^" = 1.5 -^ 2.6 GeV and 7° < 9p < 14° (dashed curves); E^ = 1.5 -^ 2.6 GeV, 
T <6p< 14° and |p^o +P7I < 400 MeV (dash-dotted curves); plus the cut T^o > 150 MeV (dash-dash-dotted 
curves) and plus the cut \'p^\ > 200 MeV (solid curves). 



strength at the uj peak than at the peak from the 7p -^ n^n^p background. Experimentally, this seems 
to be also the case from the preliminary data of CBELSA/TAPS, 

In the following we assume that the inclusive 7r°7 background scales with respect to the target 
nucleus mass number A like a a — AcTeiem- But this is not the case for the exclusive 7r°7 events coming 
from the decay of the uj -^ 7r°7, since the rather strong absorption of the u inside the nucleus changes 
the scahng relation and o"a(i^ — > vr°7) ~ A"- aeiem{^ -^ 7r°7), where the attenuation parameter a < 1. 

In Fig. [H] we show the result of the MC simulation for the E.,^0^ — m^ spectra reconstructed from 
the 7r° and 7 events. The calculations are performed for the sample nuclear targets ^^C, ^°Ca, ^^Nb 
and ^°^Pb. The kinematic and acceptance cuts discussed before have been already imposed. The MC 
distributions are normalized to the nuclear mass number A. The solid curves correspond to the sum 
of the inclusive 7r°7 background (dash-dotted curve), and the exclusive 7r°7 events coming from the 
direct decay of the u -^ ir^'-f. The contributions of the exclusive u -^ ir^'y events are shown by the 
dashed curves. We note a very strong attenuation of the u -^ 7r°7 signal with respect to the background 
contribution with increasing nuclear mass number A. This is primary due to the stronger absorption 
of the cu-mesons with increasing nuclear matter density. The former exercise indicates that given the 
particular combination of 7r°7 from an uncorrelated background and from u decay, and the different 
behaviour of these two sources in the 7r°7 production in nuclei, a double hump structure is unavoidable 
in nuclei with this set up, and one should avoid any temptation to associate the lower energy peak to 
a possible bound state in the nucleus. 



14 Conclusions 

In this lecture we have addressed several recent topics on photoproduction of mesons on nucleons and 
nuclei. One of the topics was the combined study of the 7p — > n'^'qp and 7p -^ tt^K^T,^ reactions, 
which, together with related pion induced reactions, showed a dominance of the A (1700) excitation. 
This resonance is one of the dynamically generated resonances in the chiral unitary approach and this 
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Figure 14: The differential cross section da/dE^o^ of the reaction ^(7, TT^'y)X as a function of E^o^ — rrioj from 
i2(j^ ^^Ca, ^^Nb and ^osp^^ nuclear targets. The reconstructed exclusive events from the cj — > ir^j decay are 
shown by the dashed curves. The n^'y background is shown by the dash-dotted curves. The sum of the two 
contributions is given by the solid curves. The following cuts were imposed: £'^" = 1.5H-2.6 GeV, 7° < Op < 14° , 
\p^o +p^\ < 400 MeV, l^^l > 200 MeV and T^ > 150 MeV. The exclusive lo -^ 7r°7 signal has been folded with 
the 50 MeV experimental resolution. All spectra are normalized to the corresponding nuclear mass numbers 
A. 



theory provides couplings unaccessible through known decay widths which allow a global understanding 
of these reactions. 

The study of the e+e" -^ 0/o(98O) reaction, using again techniques of chiral unitary theory, allowed 
us to calculate the bulk of the cross section for this reaction, which was well reproduced, and comparison 
with data showed the need to introduce a new resonance, the X(2175), which has been claimed from 
the analysis of a recent BABAR experiment. 

Similarly, using information obtained in the chiral approach to the A^*(1535), we showed results 
obtained for the electromagnetic form factors of this resonance, which provide a fair reproduction of 
the Q^ dependence, and a normalization for real photons in agreement with the MAID2007 analysis, 
though a little lower than experiments without counting the systematic experimental uncertainties in 
the normalization. 

Concerning photoproductionci;, the studies done in [5B] and [53] show that: 1) The ELSA results on 
inclusive u production in nuclei can be interpreted in terms of a large u width in the medium without 
the need of a mass shift. 2) The results are very insensitive to a mass shift in matter. 3) With the 
large medium u width derived from the ELSA data no visible peaks for uj bound states are seen, even 
with hypothetical large u binding. 4) Even in the hypothetical case of small widths, the possible uj 
bound states would not be resolved with the present ELSA resolution. 5) When looking at the (7,p) 
reaction with the present ELSA experimental set up, a double hump structure appears in the calculation 
from the interplay of the a; signal and the background. The peak at lower energies is related to the 
background, with the cuts imposed, and should not me misidentified with a possible uj bound state in 
the nucleus. 



Note added in Proofs: 

After thorough discussions with V. Metag and M. KotuUa it became clear that the issue of using the 
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mixed event technique (MET) to get the background in u production in proton and nuclear targets is 
very dehcate. Questions hke normahzations, effects of cuts, comparison of the MET results on proton 
and nuclear targets, and particularly, the ability of the MET to generate the background in a very 
correlated system like in the present case, are far from settled. In this respect, the results on the MET 
reported in the contribution of V. Metag in this School [arxiv 0711.4709 , nucl-ex] should be taken as 
very preliminary, and as such, one should abstain from drawing conclusions from them. 

Another topic that requires clarification is the comment in the same contribution which states 
" since the experimental data clearly show that the background distributions on the proton and in 
nuclear targets are different, the assumption made in section 11 of the present paper (and references 
quoted there) of a background in the nucleus proportional to the one of the proton can only lead to 
wrong conclusions". This statement is incorrect for several reasons: 1) The experimental data quoted 
above are for total cross sections and do not tell us which is the background. 2) In the work reported in 
section 11 of the present paper one does not claim that the background in the nucleus is proportional 
to the one of the proton. It shows it as a possible scenario and discusses what would happen in such 
a case. 3) Although we do not necessarily advocate this latter scenario, it is impossible to exclude it 
from the present data alone, since in ref. [56] it was proved that it is indeed one of the possibilities for 
a certain oo signal in the nucleus. 
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